Dark field electron holography and Nanobeam electron diffraction (NBED) are two recently developed techniques that can be used to measure strain in semiconductor specimens with nm-scale resolution. Here we discuss the basics of these techniques and show how they have been applied to recessed source and drain SiGe device specimens in order to observe the strain in the channel region as a function of gate length and germanium content. We also show how these techniques have been used to observe the evolution of strain in devices during the salicidation process. Finally we discuss the advantages and disadvantages of using each technique.
INTRODUCTION
Strain is routinely introduced in semiconductor specimens in order to boost their performance, however until recently, the measurement of strain with nm-scale resolution and the required sensitivity has been a difficult problem to solve. In the past, techniques that use geometrical phase analysis (GPA) of images that have been acquired by either Transmission Electron Microscopy (TEM) of Scanning Transmission Electron Microscopy (STEM) have been used [1] . These GPA-based techniques have the required spatial resolution, however the field of view is typically limited to a few tens of nanometers and the reconstructed strain maps tend to be quite noisy. Dark field electron holography is a new technique that was originally developed by Martin Hytch and co-workers at CEMES in Toulouse [2] . This is based on off-axis electron holography, which is an established TEM-based technique that can be used recover the phase of the electrons in order to measure properties such magnetic fields and dopant potentials with nm-scale resolution. Figure 1(a) shows a schematic of dark field holography, an electron wave is passed though an unstrained reference, such as the substrate and is interfered with an electron wave that has passed though the strained region of interest by using an electron biprism. The electrons that have been diffracted from the lattice planes of interest are selected using an objective aperture to form a dark field electron hologram. Figure  1 (b) shows a dark field electron hologram of a calibration specimen containing 10-nm-thick SiGe layers with the different Ge concentrations indicated, each separated by 30 nm thick Si layers. The specimen was grown using reduced pressure chemical vapour deposition. The phase of the electrons can be reconstructed from the (c) Fourier transform of the dark hologram and (d) the phase image of the specimen is shown. To calculate the strain from the phase image, a GPA algorithm is used in software that has been developed in-house at CEA. Figure 1 (e) shows a strain map for the {004} growth direction. A strain profile extracted over only 3 nm can be seen in Figure 1 (f) and is compared to simulations for the specimen.
The simulations are calculated directly from the SIMS profile of the specimen and they account for the surface relaxation effects of the TEM specimen. It is clear that dark field electron holography strain profiles are as expected and that the technique is indeed quantitative. From calibration specimens, it has been shown that for a strain map with a field of view of 360 nm and a spatial resolution of 6 nm the sensitivity of the technique is around 0.02 % [3] . Another technique that has recently been developed is NBED [2] . Figure 2 (a) shows a near-parallel electron beam that is incident on a {110} silicon specimen, (b) the 978-1-4577-0502-1/11/$26.00 ©2011 IEEE FWHM of this beam is around 6 nm. For NBED, the parallel electron beam is scanned across the region of interest and diffraction patterns are acquired from which the strain can be calculated from the shifts in the diffracted spots using automated software that has also been developed in house at CEA. This is a very simple to perform technique which can be used to provide strain profiles and measurements from precise regions. It has been shown that NBED can be used to provide strain profiles with a spatial resolution of 3 nm and a sensitivity of 0.06 % [4] . Here the size of the strain profile that can be acquired is limited by the stability of the microscope. For very stable microscopes it is also possible to acquire 2D strain maps using NBED. (c) The electron beam is scanned across the specimen in STEM mode and a diffraction pattern is recorded at each point from which the strain can be determined from the shift in the spots automatically using a peak fitting software developed at CEA. Figure 3 shows how both dark field electron holography and NBED have been applied to measure the strain in a recessed source and drain SiGe device specimen. The specimen was prepared using a focused ion beam (FIB) tool operated at 30 kV, with the final cleaning steps performed using 8 kV ions as this provides a compromise between specimen damage and maintaining the parallel sides that are required for electron holography. For the strain mapping, the specimens are typically 100-nm-thick. Dark field electron holography was performed using a FEI Titan TEM operated at 200 kV. The exceptional mechanical and electrical stability of this TEM permits electron holograms to be acquired for time periods of one minute or more which permits strain maps to be acquired with excellent signal to noise ratios. Figure 3(a) shows a TEM image of the device specimen showing the dimensions of the recessed source and drain and the gate length. The Ge content in the source and drains is 23 % and the gate length is 27 nm.
STRAIN MAPPING OF DEVICE SPECIMENS
A strain map for the {220} in-plane direction acquired by dark field electron holography is shown in 3(b). It is clear that the channel is compressed. The profiles extracted from the strain maps and averaged over only 3 nm are shown in Figure 3 (c) and values of around 1.2 % can be observed directly under the gate. For dark holography, the strain is measured relative to a reference unstrained region. Therefore the lattice parameter is compressed by 1.2 %. NBED was also performed on these specimens using the FEI Titan TEM operated at 200 kV and here the values of strain that have been measured are shown in Figure 3 
THE EVOLUTION OF STRAIN DURING THE SALICIDATION PROCESS
It is essential to be able to directly measure the strain in specimens that have undergone complex process steps, as the modeling of these devices can be difficult. One such process is the silicidation of the sources and drain regions in order to provide good electrical contacts. Here a Ni layer is deposited onto the devices and annealed at 450 °C in order to provide the required mono-phase NiSi that has the best electrical properties. For this study, recessed source and drain specimens were grown with a Ge content of 35 % and a gate length of 38 nm. These specimens were then processed with a 9-nm-thick Ni layer deposited on the surface, an intermediate anneal at 280 °C and then a 450 °C anneal. Specimens were prepared for examination by FIB milling taking care that their thickness was constant for all of the different devices so that the measured values of strain could be compared to one another. Figure 4 (a) shows a TEM image of a specimen with a 9-nm-thick Ni layer deposited onto the surface. The strain map for the (220) in plane direction can be seen in Figure 4 (b) and the strain profile averaged over only 3 nm is shown in 4(c). Here before the annealing process, the measured strain directly under the gate is 1.4 %. Here it can be seen that the Ni has begun to diffuse into the SiGe source and drain regions. A consequence of this diffusion is the reduction of the strain measured in the conduction channel. Now the value measured directly under the gate is 1 %. Figures 4(g) , (h) and (i) show TEM images, strain maps and profiles for the specimens that have been annealed at 450 °C. The strain map shows a reduction in the strain distribution in the device and the profiles show that the measured strain is around 0.7 % which amounts to a reduction of half from the original value measured in the unannealed specimens [6] .
CONCLUSIONS
Dark field electron holography and NBED are two recently developed TEM-based techniques that can be used to measure the strain in semiconductor devices with nm-scale resolution. Dark field holography can be used to obtain maps with fields of view of between 1 micron and 100 nm with a spatial resolution of between 10 and 5 nm. NBED can be used to provide strain profiles with a spatial resolution of between 3 and 6 nm. The sensitivity of dark field holography has been shown to be 0.02 % compared to 0.06 % for NBED. The advantage of NBED is that it is a very simple technique to perform and analyse. Finite element simulations have been used to show that the two techniques can be used to provide quantitative measurements of the strain. Finally, good quality specimen preparation is absolutely essential and should not be overlooked.
